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Abstract 
 
This thesis is based on the construction of a two-step laser desorption-ionization aerosol 
time-of-flight mass spectrometer (laser AMS), which is capable of measuring 10 to 50 nm 
aerosol particles collected from urban and rural air at-site and in near real time. The 
operation and applicability of the instrument was tested with various laboratory 
measurements, including parallel measurements with filter collection/chromatographic 
analysis, and then in field experiments in urban environment and boreal forest. Ambient 
ultrafine aerosol particles are collected on a metal surface by electrostatic precipitation and 
introduced to the time-of-flight mass spectrometer (TOF-MS) with a sampling valve. Before 
MS analysis particles are desorbed from the sampling surface with an infrared laser and 
ionized with a UV laser. The formed ions are guided to the TOF-MS by ion transfer optics, 
separated according to their m/z ratios, and detected with a micro channel plate detector. 
The laser AMS was used in urban air studies to quantify the carbon cluster content 
in 50 nm aerosol particles. Standards for the study were produced from 50 nm graphite 
particles, suspended in toluene, with 72 hours of high power sonication. The results showed 
the average amount of carbon clusters (winter 2012, Helsinki, Finland) in 50 nm particles to 
be 7.2% per sample. Several fullerenes/fullerene fragments were detected during the 
measurements. 
In boreal forest measurements, the laser AMS was capable of detecting several 
different organic species in 10 to 50 nm particles. These included nitrogen-containing 
compounds, carbon clusters, aromatics, aliphatic hydrocarbons, and oxygenated 
hydrocarbons. A most interesting event occurred during the boreal forest measurements in 
spring 2011 when the chemistry of the atmosphere clearly changed during snow melt. On 
that time concentrations of laser AMS ions m/z 143 and 185 (10 nm particles) increased 
dramatically. Exactly at the same time, quinoline concentrations in molecular clusters 
measurements (APi-TOFMS) decreased markedly. With the help of simultaneously 
collected 30 nm filter samples, laser AMS ions m/z 143 and 185 were later identified as 
originating from 1-(X-methylquinolin-X-yl)ethanone. 
 
 
 
 
 
 
 
 6  
List of original papers 
 
This thesis is based on the following five original research articles. The articles are cited in 
the text by their roman numerals. 
I. Laitinen, T., Hartonen, K., Kulmala, M., Riekkola, M.-L., 2009. Aerosol time-of-
flight mass spectrometer for ultrafine aerosol particles. Boreal Environ. Res. 14, 539-
549, Copyright Boreal Environment Research Publishing Board 2009. 
II. Laitinen, T., Herrero Martín, S., Parshintsev, J., Hyötyläinen, T., Hartonen, K., 
Riekkola, M.-L., Kulmala, M., Pérez Pavón, J.-L., 2010. Determination of organic 
compounds from wood combustion aerosol nanoparticles by different 
chromatographic systems and by aerosol mass spectrometry. Journal of 
Chromatography A 1217, 151-159, Copyright Elsevier B. V. 2010. 
III. Laitinen, T., Ehn, M., Junninen, H., Ruiz-Jimenez, J., Parshintsev, J., Hartonen, K., 
Riekkola, M.-L., Worsnop, D., Kulmala, M., 2011. Characterization of organic 
compounds in 10- to 50-nm aerosol particles in boreal forest with laser desorption-
ionization aerosol mass spectrometer and comparison with other techniques. Atmos. 
Env., 45, 3711-3719, Copyright Elsevier B. V. 2011. 
IV. Laitinen, T., Petäjä, T., Backman, J., Hartonen, K., Junninen, H., Ruiz-Jiménez, 
José., Worsnop, D., Kulmala, M., Riekkola, M.-L., 2013. Carbon clusters in 50 nm 
urban air aerosol particles quantified by laser desorption-ionization aerosol mass 
spectrometer. Submitted to International Journal of Mass Spectrometry. 
V. Laitinen, T., Junninen, H., Parshintsev, J., Ruiz-Jimenez, J., Petäjä, T., Hautala, S., 
Hartonen, K., Worsnop, D., Kulmala, M., Riekkola, M.-L., 2013. Changes in 
concentration of nitrogen-containing compounds in 10 nm particles of boreal forest 
atmosphere at snowmelt. Submitted to Journal of Aerosol Science. 
 
I took the main responsibility for the experimental work, data analysis, and writing of papers 
I and III – V. In paper II, I took the main responsibility for writing the paper, data analysis, 
and part of the experimental work. 
 
 
 
 
 
 
 
 
 
 
 
 
 7  
 
Abbreviations and symbols 
 
ACSM  aerosol chemical speciation monitor  
AMS   aerosol mass spectrometer 
APCI  atmospheric pressure chemical ionization 
APi-TOFMS  atmospheric pressure interface time-of-flight mass spectrometer 
APPI  atmospheric pressure photoionization 
ArF  argon fluoride 
BC  black carbon 
CI  chemical ionization 
Coll  collection 
CPC  condensation particle counter 
DAPPI  desorption atmospheric pressure photo-ionization 
DART  direct analysis in real-time 
DESI  desorption electrospray ionization 
DMA  differential mobility analyzer 
DMPS  differential mobility particle sizer 
EI  electron ionization 
ESI  electrospray ionization 
eV  electron volt 
FAB  fast atom bombardment 
FD  field desorption 
FI  field ionization 
FT-ICR  Fourier transform ion cyclotron resonance 
GC x GC  gas chromatography x gas chromatography 
GC-MS  gas chromatography-mass spectrometry 
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HPLC  high performance liquid chromatography 
HR-TOF-MS  high resolution time-of-flight mass spectrometry 
IR  infrared 
IT  ion trap 
IT-MS  ion trap mass spectrometer 
laser AMS  laser aerosol mass spectrometer/spectrometry 
LC-MS  liquid chromatography-mass spectrometry 
LDI  laser desorption ionization 
lpm  liters per minute 
m/z  mass/charge 
M+  molecular ion 
MALDI  matrix assisted laser desorption/ionization 
MCP  micro channel plate 
MS  mass spectrometer/spectrometry 
MS/MS  mass spectrometry/mass spectrometry 
mV  milli volts 
Nd:YAG  neodymium-doped yttrium aluminum garnet 
NIST  National Institute of Standards and Technology 
PAH  polyaromatic hydrocarbons 
pg  picogram 
PM  particulate matter 
PSAP  particle soot absorption photometer 
QMS  quadrupole mass spectrometer 
r  correlation 
SDS  sodium dodecyl sulfate 
SEM  scanning electron microscope 
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SMEAR   Station for Measuring Forest Ecosystem Atmosphere Relations 
SP-AMS  soot particle aerosol mass spectrometer 
TOF-MS   time-of-flight mass spectrometer/spectrometry 
u  unified atomic mass unit 
UCM  unresolved complex mixture 
UV  ultraviolet 
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1. Introduction 
 
The role of atmospheric aerosol particles is one of the biggest unknown components in the 
global climate change scheme (1). Aerosol particles are present everywhere in the 
atmosphere, appearing in forms as diverse as: dust, sea spray, fog, and smoke. They affect 
the climate and also human health in several ways; they reduce visibility (2), scatter and 
absorb solar radiation, act as cloud condensation nuclei (3, 4), and dangerously penetrate the 
human respiratory system. Aerosols are liquid or solid particles floating in the air, varying in 
size,  concentration,  chemical  composition,  and  degree  of  stability.  The  physical  and  
chemical properties of aerosols need to be measured before we can understand their 
contribution to global and regional climate, where size is the most important property of an 
aerosol particle. 
New aerosol particle formation and growth are important events in the atmosphere 
(5). During new particle formation, particles grow in size at a rate of a few nanometers per 
hour. The particles comprise a complex mixture of low- and semi-volatile inorganic and 
organic compounds (6, 7). Current instrumentation for measuring chemical properties of 
aerosols allows the determination and specification of micrometer size range particles far 
better than those in the nanometer size range (8-10). In nanometer size range (particle size 
below 100 nm), the small mass of the particle creates unique challenges for the 
determination of chemical composition. The organic compounds in nanometer size range 
particles are especially difficult to determine reliably because of their vulnerability, similar 
structures, and chemical complexity (11). 
The usual way to study the chemical composition of ambient aerosols is to collect 
them  onto  a  filter  and,  after  collection,  remove  the  compounds  from  the  filter  by  suitable  
solvent extraction or by thermal desorption. Usually, a mixture of particles below a certain 
size (e.g., PM2.5 or PM1 ) is collected and analyzed. The analysis of the extracted sample is 
often performed by different means of gas chromatography followed by mass spectrometry 
(GC-MS) (10, 12-15) or by liquid chromatography followed by mass spectrometry (LC-MS) 
(16, 17). Filter sampling has a few drawbacks: it is an off-line method, and so there is a 
possibility for artifact formation during the sampling, long sampling times are required for 
nanometer-size particles,  and results may be difficult  to interpret.  One way to improve the 
traditional analysis is to use a multidimensional technique, e.g., comprehensive two-
dimensional gas chromatography (GC x GC), for analyzing the filter extracts (18, 19). 
Unfortunately, filter studies have not been carried out on ultrafine aerosol particles below 30 
nm in particle size (20). Ultrafine particles are typically defined as particles below 100 nm 
in mobility diameter. 
Aerosol mass spectrometry offers a good choice for analyzing atmospheric aerosols 
within a short time interval and without sample pre-treatment (21-23). Aerosol mass 
spectrometric techniques are less sensitive to artifact formation as compared with 
conventional sampling techniques, and they can provide a quantitative measure of the total 
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organic loading in the atmosphere. Often, however, they cannot alone provide information 
on specific compounds. In aerosol MS, the ionization technique may produce a large number 
of fragments from a single compound and a mixed spectrum of many compounds. Tracking 
of the original compounds may be extremely difficult therefore. For reliable analysis of 
ambient ultrafine aerosol particles it is best to combine two or more techniques, such as 
filter sampling with chromatographic analysis and aerosol mass spectrometric 
measurements. 
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2. Aims of the study 
The  primary  aim  of  this  work  was  to  construct  an  aerosol  mass  spectrometer  with  soft  
ionization (paper I) capable of measuring 10 to 50 nm aerosol particles collected from urban 
and rural air in-situ and in near real time. The task was very challenging and only a few 
groups around the world have successfully constructed one. The operation of the instrument 
was tested in the laboratory (papers I and II) and its applicability was studied in field 
experiments (Papers III and IV). A particular objective was to determine compounds 
present in 10 nm nucleation mode particles in boreal forest environment (Paper V). 
Chapter 3 presents a brief overview of ultrafine aerosol particles, which are the 
main target of studies by laser AMS. The main techniques and methods of the work are 
described in Chapter 4 (mass spectrometry) and Chapter 5 (aerosol mass spectrometry). 
Instruments, chemicals and measurements applied are set out in Chapter 6. Chapter 7 
summarizes the results and Chapter 8 presents the main conclusions. 
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3. Ultrafine aerosol particles 
The hazardous effects of aerosol particles are determined by their chemical composition 
and size: ultrafine aerosol particles are more hazardous to human health than any other 
size of aerosol particles. Larger particles are fairly easily removed by the body’s defense 
system, but ultrafine particles easily penetrate through our respiratory system and 
through cells and finally enter the bloodstream and whole body (24). It is vital therefore 
to understand their size, formation mechanisms, chemistry, exposure level, and 
occurrence in different environments (25, 26). Ambient aerosol particle size distributions 
are presented in Figure 1 along with the particle formation mechanisms of nucleation, 
condensation, and coagulation. 
 
 
 
Figure  1.  Aerosol  size  distribution.  One  main  source  for  ultrafine  particles  is  their  
formation via nucleation (4, 27-31). During nucleation new particles grow about 1-2 
nm/hour. Reprinted with kind permission of the Mineralogical Society of America (32). 
 
 
Ultrafine aerosols are the size class of smallest aerosol particles, usually particles 
below 100 nm in mobility diameter. They originate from diverse sources, both natural and 
anthropogenic, and they can be produced through primary or secondary processes (33, 34). 
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Primary particles of a given size are emitted directly from a source, while secondary 
particles are generally formed via gas-phase processes, cloud processes, condensation, and 
different reactions (4, 35). The number concentrations of ultrafine particles in the 
atmosphere are generally highest, while their mass of the total aerosol loading is lowest. The 
number concentrations of these particles are highly dependent on the site and time of day. 
New particle formation events are important episodes in the atmosphere and maybe 
responsible for producing a significant portion of cloud condensation nuclei. New particle 
formation probably has a major effect on cloud cover and on the Earth’s radiation balance as 
a result (36-38). Event days are most frequent in spring time, in boreal forest environment, 
where new particle formation occurs almost every day. During the rest of the year, new 
particles are generally formed only every few days. An example of new particle formation 
and growth in boreal forest environment is presented in Figure 2. Measurements were made 
with a differential mobility particle sizer (DMPS) at the SMEAR II station (39) in Finland in 
spring 2013. The boreal forest measurements presented in papers III and V were done at this 
same station. The DMPS (40) consists basically of a differential  mobility analyzer (DMA) 
and a condensation particle counter (CPC) (41). The DMA separates the particles according 
to their electrical mobility, which can be converted to particle mobility equivalent diameter, 
and is often expressed as Millikan diameter (42); the CPC counts the particle concentrations. 
 
 
Figure 2. New particle formation event observed at the SMEAR II station in April during 
the PEGASOS 2013 measurement campaign. The particle formation starts around 10 AM 
and continues until midnight. 
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4. Mass spectrometry 
Mass spectrometry (MS) is a versatile tool with a wide variety of applications in numerous 
branches of science (17, 43-57). In atmospheric science, MS instruments are utilized to 
analyze chemical compounds in gas molecules as well as in different size classes of aerosol 
particles. In mass spectrometry, the main purpose is the determination of the molecular mass 
of the studied compounds or masses of their  fragment ions.  The ionization of an analyte is  
one of the key steps in MS and it can be achieved by thermally heating and dissociating the 
analyte or by bombarding it with energetic atoms, electrons, ions or photons or subjecting it 
to chemical reactions. The ionized analyte may be singly charged or have several charges. 
The ions can also appear in many different forms, depending on the application, atoms, 
clusters, molecules, or a combination of these. The ions are separated with an analyzer 
according to their mass-to-charge ratios. The analyzer determines the whole nature of the 
mass spectrometer. 
 
4.1. Ionization techniques in MS 
The two most common ionization techniques for MS are electron ionization (EI) (58-60) and 
chemical ionization (CI) (61, 62). Other more or less used ionization techniques suitable for 
organic compounds include field ionization (FI) (63, 64), field desorption (FD) (65, 66), fast 
atom bombardment (FAB) (67, 68), matrix assisted laser desorption/ionization (MALDI) 
(69-71), laser desorption ionization (LDI) (72-74) electrospray ionization (ESI) (75-77), 
desorption electrospray ionization (DESI) (53, 78, 79), atmospheric pressure chemical 
ionization (APCI) (80, 81), atmospheric pressure photoionization (APPI) (82, 83), direct 
analysis in real-time (DART) (84, 85), and desorption atmospheric pressure photo ionization 
(DAPPI) (86, 87). A few other techniques differing slightly from these do exist but are more 
rarely used. 
EI is the most often used technique today and is considered as a reference for other 
ionization techniques. In EI, energetic electrons (70 eV) are emitted from a heated metal 
wire  toward  neutral  gas-phase  analytes,  causing  them to  ionize  by  losing  an  electron  from 
the outer shell of the molecule or atom. The ion current from the heated wire to the electron 
trap is emission controlled to keep the ion flow constant. EI is an important ionization 
technique especially for non polar and medium polar analytes and it is often used when the 
molar mass of the analytes is < 1000 u. 
CI is a softer ionization technique than EI and better suited for the determination of 
molecular ions, while EI gives more information about analyte structure. The sensitivity of 
CI depends on the conditions of the experiment, but in general CI is one order of magnitude 
less  sensitive  than  EI.  Ionization  in  CI  is  based  on  ion-molecule  reactions.  In  CI  a  neutral  
gaseous analyte is introduced to a chamber where it can react with excess amount of reagent 
gas ions and produce new ionized analytes. In positive ion mode the pathways for ion 
formation are proton transfer, electrophilic addition, anion abstraction, and charge exchange. 
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MALDI has become very popular for analyzing high molecular mass organic 
compounds and biomolecules, which are not well suited for analysis by other conventional 
ionization methods. MALDI is a soft ionization technique, where the analyte is mixed with a 
liquid matrix, which is crystallized on a sample plate and desorbed/ionized by UV-laser 
irradiation. MALDI is often used with TOF analyzers. 
ESI is an ionization process where an electrical field first generates charged 
droplets and subsequently analyte ions by ion evaporation mechanisms. ESI is often coupled 
with HPLC and is suitable for samples such as proteins, peptides, and oligonucleotides. In 
APCI, corona discharge is used to ionize the air, solvent, and buffers, which then react with 
the analytes. The solvent acts as a CI reagent gas to ionize the sample. APCI typically 
produces more fragments than ESI, and it is particularly well suited for nonpolar analytes; 
APPI is like APCI but relies on UV light for ionization instead of corona discharge. APPI is 
even better than APCI for nonpolar analytes. 
 
4.2. Mass analyzers 
Five main types of mass analyzer are used in mass spectrometry: sector (88-90), quadrupole 
(91-93), time-of-flight (TOF) (94-98), Fourier transform ion cyclotron resonance (FT-ICR) 
(99-101), and ion traps (IT) (102-104). Table 1 presents a brief description of different mass 
analyzers and a comparison of their properties. Quadrupole, ion trap, and TOF analyzers 
were  used  in  this  study,  and  the  design  of  the  laser  AMS  was  based  on  the  TOF  mass  
analyzer. 
 
 
 
 
 
Table 1. Mass analyzers commonly used in mass spectrometry. 
  Quadrupole Ion trap Time-of-
flight 
reflectron 
Magnetic 
sector 
Fourier 
transfor 
Quadrupole
-TOF 
Accuracy 100 ppm 100 ppm 10 ppm < 5 ppm < 1 ppm 2 ppm 
Resolution < 4000 < 4000 20 000 60 000 >500 000 40 000 
m/z range < 2000 < 4000 500 000 10 000 10 000 20 000 
Tandem 
MS 
MS2 (triple quad) MSn MS2 - MSn MS2 
Comments Moderate 
accuracy, 
unit mass 
resolution, 
low energy 
collisions 
Moderate 
accuracy, 
unit mass 
resolution
, low 
energy 
collisions 
Good 
accuracy, 
growing 
number of 
application
s 
Good 
accuracy, 
high 
energy 
collisions 
Excellent 
accuracy and 
resolution of 
product ions 
Excellent 
accuracy, 
good 
resolution 
and 
sensitivity 
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4.3. Main techniques used: laser desorption-ionization and time-of-flight mass 
spectrometry 
Two main techniques were exploited in the construction of the laser AMS: laser desorption-
ionization and time-of-flight mass spectrometry. Laser desorption-ionization is a somewhat 
similar method to MALDI but more broadly encompassing. LDI is a soft ionization 
technique and well suited for ambient aerosol particles and biomolecules (105). Desorption 
and ionization events can be achieved with the same laser (MALDI) or it can be two-step 
process, where two different wavelength lasers are used, one for desorption and one for 
ionization (LDI). Use of two lasers allows control of the ionization process and thus 
provides selectivity for the mass spectra. The desorption process of the studied molecules 
from the sample matrix or substrate is not completely understood (106). In MALDI, the 
matrix molecules strongly absorb the applied laser radiation, and a plume of neutrals, ions, 
and ion clusters, which together form a semi-plasma, is produced. In the plume, analytes are 
ionized through different mechanisms, such as multiphoton ionization and proton transfer. 
The desorption process in LDI can happen also by an infrared laser heating the 
metal sampling substrate rapidly (107-109). The selectivity of the ionization process is 
determined by the absorption of the applied wavelength by the analyte. At certain cases, 
very low detection limits can be achieved (110-113). The ionization process in LDI is called 
photo ionization, and it is determined by the absorption of electromagnetic radiation 
(photons) by the studied molecules (114, 115). If photons are absorbed by the molecule and 
the energy of the net radiation is sufficient to overcome the binding energy of electrons 
(ionization potential), an electron will be ejected from the molecule and the molecule will 
become ionized. The photon in photoionization can be compared to the electron in EI: 
 
M + h? ? M* ? M+• + e-   (1) 
 
Normally,  photo  ionization  requires  that  two or  more  photons  be  absorbed  by  the  
molecule to lead into a continuum state, and become ionized. This makes the process a 
multiphoton ionization process (116). One typical wavelength used, at highest photon 
energies, is that of the ArF excimer laser (193 nm), which emits 6.3 eV photons (117). 
The TOF analyzer operation is based on time measurement of flying ions in a field 
free region of constant length. The analytes are first charged by an appropriate method to 
form ions (LDI in our laser AMS). The ions are then directed to the ion acceleration region 
where they are accelerated with an electric field (extraction pulse) toward the field free 
region. All ions will have about the same initial kinetic energy during the acceleration. As 
the ions pass through the field free region, they are separated by their mass-to-charge ratios, 
m/z. The lighter ions will travel through faster than the heavier ions. Theoretically, all ions 
of the same m/z value should arrive at the detector at the same time. In practice, however 
there is some variation in the kinetic energy of ions with the same m/z value, and this 
weakens the resolution by creating a time-of-flight distribution for each m/z. The resolution 
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can be improved by placing a reflector inside the field free region of the ion flight path. The 
reflector consists of a series of electric lenses, which repulse the ions back along the flight 
tube with slightly displaced angle, refocusing the ions before they arrive at the detector. A 
commonly employed detector in TOF instruments is the micro channel plate (MCP) 
detector, noted for its fast response. 
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5. Aerosol mass spectrometry 
Aerosol mass spectrometry (AMS) is a useful tool for measuring the chemical composition 
of aerosol particles in various applications (22, 23, 118-121). Aerosol mass spectrometers 
have been in use for over a decade now and have made significant contributions around the 
world to determining the chemical composition of sub-micron aerosol particles. The nature 
of atmospheric aerosol chemical composition measurements has changed completely since 
their advent. Mass spectrometric analysis is typically performed in at least near-real time 
and on-line. Since AMS instruments are often intended for the measurement of chemical 
composition of ambient aerosol particles, instruments are constructed for practical field use. 
Requirements include portability of the instrument and ease of operation. Normally, MS 
instruments are fixed in place and are in continuous operation performing analyses on a 
variety of samples. They are not designed to be portable field instruments. 
The several existing AMS set-ups can be grouped according to ionization method, 
mass analyzer, sample inlet, etc. They can also be divided into commercial and home-built 
instruments. Only one commercial AMS is currently available, the Aerodyne AMS, and 
majority  of  the  AMS  research  in  the  world  is  one  way  or  another  based  on  this  type  of  
instrument. Whereas the various home-built instruments utilize several different 
techniques/methods in terms of sampling, desorption/ionization or mass analysis, while 
Aerodyne AMS versions are more or less similar to each other. The Aerodyne AMS is often 
used as a single-particle mode, which means that all particles are individually measured in 
real-time from the particle flow entering the instrument through an aerodynamic lens system 
(122, 123). The aerodynamic lenses form a collimated aerosol particle beam, which is the 
key feature of the whole instrument. After passing through the aerodynamic lenses the 
particles enter a differentially pumped particle sizing region where the aerosol beam is 
concentrated from the gas phase. The sizes of particles can be measured from the expanding 
beam, since their size is dependent on their velocity (124). Alternatively, light scattering 
properties  of  particles  can  be  exploited  to  measure  their  sizes  with  the  help  of  continuous  
wave lasers and photo multiplier tubes. The molecules in the particles are then vaporized, 
usually by incident particles hitting a hot surface. The vaporized molecules are ionized by 
electron ionization (EI) and analyzed according to their m/z ratios with a suitable mass 
analyzer. Mass analyzers employed in the Aerodyne AMS are quadruple MS, TOF-MS, and 
HR-TOF-MS. The greatest drawback of this sort of instrument is that it cannot be used for 
ultrafine particle analysis. The probability for measuring 60 nm particles is around 100 
percent, but below that the efficiency drops dramatically, and below 30 nm, the particle 
signal cannot really be distinguished from the background signal. However, the similar 
system has already been developed and deployed to measuring 3 – 30 nm particles 
successfully at some extent (125). More variation in mass spectrometer types is found in the 
various home-built instruments (23). A Comparison of laser AMS with different Aerodyne 
aerosol mass spectrometers is presented in Table 2. 
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Another type of aerosol mass spectrometer relies on particle collection before 
analysis (126-132). The sample is collected onto a filter, metal surface, or wire and then 
desorbed/ionized thermally or by laser irradiance. The produced ions are then guided to the 
mass spectrometer with ion optics. Collection of the sample before analysis enhances the 
particle mass entering the mass spectrometer in one sample, which makes the analysis of 
ambient ultrafine particles in 10 to 30 nm range possible to some extent. 
Ionization in commercial aerosol mass spectrometers is typically achieved by EI, 
CI, or LDI (22, 23, 133). Since it ionizes most compounds, EI is theoretically suitable for 
nearly all experiments. EI is commonly used as standard reference method, and EI spectral 
libraries have been built to assist compound identification. EI also produces abundant 
fragment ions from a single compound, which may be a problem when the aerosol particles 
of interest contain a mixture of chemically different compounds. CI and LDI are softer 
ionization techniques and produce fewer fragments, which makes molar mass studies more 
feasible. The number of fragments in LDI depends on the compounds studied, laser type, 
flux energy, and wavelength. Where EI normally produces a standard type of spectrum, LDI 
does not and this maybe a disadvantage when it comes to interpreting the spectrum. 
Table 2. Comparison of laser AMS and commercial aerosol mass 
spectrometers (Aerodyne AMS). 
  Laser AMS Aerodyne AMS Aerodyne ACSM Aerodyne SP-AMS 
Particle size 10-100 nm 40-1000 nm 40-1000 nm 40-1000 nm 
Mass 
analyzer 
TOF Quadrupole or 
TOF (compact or 
high-resolution) 
Quadrupole TOF 
m/z range 1-1200 amu 1-1200 amu 1-200 amu 1-1200 amu 
Desorption IR laser (1064 
nm) 
Thermal 
vaporization 
Thermal 
vaporization 
IR laser (1064 nm) 
Ionization UV laser (193 
nm) 
EI EI EI 
Chemical 
compounds 
Identification of 
organic 
compounds, 
carbon clusters 
Separation of  
 organic 
components, 
elemental 
compositions 
Ammonium, 
nitrate, sulfate, 
chloride, and  
organic species 
Black carbon  
 and metal-
containing 
 particles 
Comments Chemical 
characterization 
of 10 nm 
particles, 
quantitative 
carbon cluster 
analysis 
Air quality 
research and 
mobile 
measurements 
Routine air 
quality 
monitoring and 
source 
characterization, 
quantitative 
analysis 
Air quality research, 
mobile 
measurements, 
combustion exhaust 
monitoring, and 
source  
 characterization 
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The time-of-flight (TOF) and quadrupole are the most common mass analyzers in 
aerosol mass spectrometers. The TOF-MS allows simultaneous analysis of molecules from 
different chemical backgrounds over a wide range of molecular masses with good sensitivity 
and resolution. The TOF is commonly employed with laser desorption/ionization, and the 
quadrupole MS with EI technique. 
The ideal aerosol mass spectrometer would be suitable for on-line and real-time 
measurements of particle sizes from at least 3 nm up to 10 µm. Such an instrument would 
also be sensitive and able to quantify all possible compounds present in particles with a short 
time resolution. Unfortunately such an instrument does not exist, and might be impossible 
and difficult to design and build. For this reason, instrumentation employed today is thus 
limited,  but  current  applications  of  different  instruments  together  cover  quite  close  the  
determination of an ideal aerosol mass spectrometer. In sum, individual aerosol mass 
spectrometers are more or less limited to specific applications, but several different 
instruments used in parallel can provide a reasonable picture of the behavior of aerosols in 
the atmosphere. 
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6. Experimental 
This section briefly describes the construction of the laser AMS, lists the chemicals used, 
and explains briefly the set-ups employed in ambient measurements. More detailed 
descriptions of the research can be found in the original papers I – V. 
 
6.1. Chemicals and materials 
Chemicals and materials used in this study are listed in Table 3. Detailed information about 
their use is available in the original papers I – IV. 
 
 
Table 3. Chemicals used in the studies. 
Chemical Manufacturer Purity Paper 
1,1-Binaphthyl Across Organics, New Jersey, USA 98% II 
1,6-Anhydro-?-D-glucose 
(levoglucosan) 
Sigma–Aldrich (St. Louis, MO, USA)   III 
1-1-Binaphthyl Sigma–Aldrich   III 
 2,4-Dichlorobenzoic acid Sigma–Aldrich   III 
2,5-Dihydroxy benzoic acid  Merck (München, Germany) 98% I 
2,6-di-tert-Butylpyridine Sigma–Aldrich (Steinheim, Germany) >97% I 
2-Pyridylbenzoimidazole Sigma–Aldrich   III 
3-Hydroxyglutaric acid *   III 
4,4-Dibromo-octafluorobiphenyl  Sigma–Aldrich, Gillingham, UK 99% II 
Acetic acid  Fluka   III 
Acetone Lab Scan Analytical Sciences (Dublin, 
Ireland) 
  II 
Acetonitrile VWR, Leuven, Belgium   III 
Adipic acid Fluka Chemie GmbH (Buchs, 
Switzerland) 
  III 
Alpha-cyano-4-hydroxycinnamic 
acid 
Sigma Aldrich (Steinheim, Germany) 99% I 
Azelaic acid Fluka Chemie GmbH (Buchs, 
Switzerland) 
  III 
Benzaldehyde Accu Standard Inc. (New Haven, 
USA) 
98.5% III 
Benzoic acid  Merck (Darmstadt, Germany)   I 
Cinnamaldehyde Sigma–Aldrich   III 
cis-Pinonic acid Sigma–Aldrich (St. Louis, MO, USA)   III 
Decafluorobenzophenone Sigma–Aldrich   III 
Diethylamine Sigma–Aldrich (St. Louis, MO, USA)   III 
Dithranol Fluka (Steinheim, Germany) 99% I 
D-mannose Sigma–Aldrich (St. Louis, MO, USA)   III 
    
 23  
Table 3. (continued)    
Chemical Manufacturer Purity Paper 
Fluoranthene Fluka (Steinheim, Germany) >97% I 
Fullerene C60 Sigma-Aldrich 99.9% IV 
Graphite powder 200 µm Sigma-Aldrich 99.9% IV 
Graphite powder 50 nm Mk-Nano, Canada   IV 
Hexane Lab Scan Analytical Sciences (Dublin, 
Ireland) 
  II 
Maleic acid Fluka Chemie GmbH (Buchs, 
Switzerland) 
  III 
Malic acid Fluka Chemie GmbH (Buchs, 
Switzerland) 
  III 
Malonic acid Fluka Chemie GmbH (Buchs, 
Switzerland) 
  III 
Methylene blue Merck (Darmstadt, Germany)   I 
N,O-Bis-(trimethylsilyl)-
trifluoroacetamide (MSTFA) 
Sigma–Aldrich   III 
n-Alkanes (even members C10-C40) LGC Promochem GmbH (Wesel, 
Germany) 
  II 
Oleic acid Sigma–Aldrich (St. Louis, MO, USA)   III 
PAH mixture Z-014G-R AccuStandard (New Haven, USA)   II 
Palmitic acid Sigma–Aldrich (St. Louis, MO, USA)   III 
Pinic acid Sigma–Aldrich (St. Louis, MO, USA)   III 
Pinonaldehyde *   III 
Pyrene Fluka (Steinheim, Germany) 97% I 
Pyridine Sigma–Aldrich   III 
Sinapinic acid Sigma–Aldrich (Steinheim, Germany) 99% I 
Sodium chloride Merck (Darmstadt, Germany) 99.5% I 
Sodium dodecyl sulfate (SDS) Sigma–Aldrich 99% IV 
Stearic acid Fluka Chemie GmbH (Buchs, 
Switzerland) 
  III 
Sucrose Merck (Darmstadt, Germany) 99.5% I 
Tartaric acid Fluka Chemie GmbH (Buchs, 
Switzerland) 
  III 
Toluene Sigma–Aldrich   III, IV 
Trimethylchlorosilane (TMCS) Sigma–Aldrich   III 
Vanillic acid Fluka Chemie GmbH (Buchs, 
Switzerland) 
  III 
Water DirectQ-UV, Millipore Corp., 
Billerica, USA 
  III 
?-Caryophyllene aldehyde *   III 
 ?-Nocaryophyllene aldehyde *   III 
*Synthesized and purified in the laboratory according to Claeys et al., 2007; Parshintsev et al., 2008, 
and Glasius et al., 1997. 
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6.2. Instrumentation 
Instruments (other than the laser AMS) used in the study are listed in Table 4. Detailed 
information about instrument properties and methods used can be found in the original 
papers I – V. 
 
Table 4. Instruments used in the study. 
Instrument Instrument model Manufacturer Paper 
AMS TOF-AMS Aerodyne, USA III 
APi-TOFMS - Tofwerk, Switzerland & Aerodyne, 
USA 
V 
CPC 3010 TSI, USA I 
CPC 3022 A TSI, USA II 
CPC 3025 TSI, USA III, IV 
Filter sampling device - Custom-made, University of 
Helsinki, Finland 
II, III, V 
GC 7890A Agilent, USA II 
GC-QMS 6890N + 5973 Agilent, USA II, III, V 
IT-MS Esquire 3000 Bruker Daltonics, USA III, V 
LC 1100 series Agilent, USA III, V 
PSAP - Radiance Research, USA IV 
SEM S-4800 Hitachi, Japan I 
TOF-MS MicroTOF Bruker, Germany V 
GCxGC TOF-MS Pegasus 4D LECO, USA II 
    
 
6.3. Laser AMS 
The  starting  point  of  this  work  was  to  construct  an  aerosol  mass  spectrometer,  whose  
operation is based on two-step laser desorption-ionization time-of-flight mass spectrometry 
(laser AMS). The objective was to apply it in near real time characterization of chemical 
composition of ultrafine ambient aerosol particles. The sample inlet in the system was 
designed so that the patented sampling valve (134) could be utilized for sample collection 
and sample introduction to the TOF-MS analysis. The basic requirements relied on the 
sample collection at atmospheric pressure followed by quick sample introduction to the 
mass spectrometric analysis. 
 
6.3.1. First version with self-made linear TOF-MS 
The first version of the laser AMS was constructed by utilizing a Nd:YAG laser (1064 nm) 
and an ArF excimer laser (193 nm) for sample desorption and ionization, respectively. The 
laser wavelengths were chosen to be suitable for most of the organic compounds of interest 
though it is noted that the desorption/ionization process is wavelength dependent. The 
system  consists  of  the  following  main  parts  (see  Figure  3):  radioactive  charger,  DMA,  
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sampling valve, ionization chamber, desorption laser, ionization laser, and time-of-flight 
mass  spectrometer.  All  aerosol  particles  entering  the  system  are  first  charged  with  the  
radioactive bipolar charger (241Am), and then the particle size of interest is selected with the 
DMA. The size-selected charged particle flow is directed to an electrically oppositely 
charged platinum collection surface, which is part of the patented sampling valve. When 
positive voltage is applied to the collection surface, negatively charged particles are attracted 
to the surface. After collection of a sufficient amount of sample, the sample is introduced to 
the mass spectrometer by rotating the sampling valve. The sample is desorbed from the 
sampling surface with a single laser shot of the desorption laser. The sample desorption 
produces a gaseous/semi-plasma plume in the vacuum, which will expand rapidly. After 
desorption, the sample molecules in the plume are ionized with a single laser shot from the 
ionization laser. The lasers are placed so that the desorption laser hits the sample surface at a 
45? angle, while the ionization laser is perpendicular to the TOF tube. The formed ions are 
then directed to the micro channel plate detector (MCP) through a linear flight tube by a 
two-step ion acceleration lens system. The acceleration lens system and the detector voltages 
are set to be on all the time; the time pulsing is counted from the ionization laser starting 
point. A more detailed description of the instrument construction, calibration, and system 
validation can be found in paper I. 
 
 
6.3.2. Second version and improvements 
After the first experiments it became evident that the system needed to be updated in several 
ways, and a commercial, more reliable TOF-mass analyzer with suitable data acquisition was 
definitely needed. A new TOF was obtained from Tofwerk (C-TOF, Tofwerk, Thun, 
Switzerland) and a data acquisition card was purchased from Agilent (Agilent Acqiris 
DP211). The sampling surface was changed from platinum to stainless steel to avoid too 
rapid desorption. All the measurements reported in papers II – V were performed with this 
improved laser AMS system (Figure 3). Details of the improvements to the laser AMS and 
system validation in laboratory measurements can be found in paper II. In taking the 
instrument to its current more feasible state, many smaller improvements were made along 
the way. 
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Figure 3. Schematic of the improved aerosol time-of-flight mass spectrometer. 
 
 
Even though the instrument passed through some major changes and improvements 
during the time, some drawbacks still remained. One feature, which is worth of mentioning 
already here, is to emphasize the nature of the instrument and followed measurements 
(papers III – V), is the mass window. The geometry of the laser AMS instrument allows one 
to detect only a part of the produced ion plume at a time. This is called the mass window. 
The mass window can be changed by adjusting the instrument parameters or it can be 
permanently set for a desired ion range. A combined mass spectrum is calculated for each 
sample and normalized to the total ion count. The combined mass spectrum is then mass 
calibrated with peaks that were common in every spectrum (Mn, Fe, Cr, Na, K), using 
robust mass calibration (135). A unit mass resolution stick spectrum was then calculated and 
used for further analysis. In papers IV and V, all processing of mass spectra was done with 
the tofTools software package. 
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The first real application of the instrument (improved set-up) was the measurements 
of compounds in aerosol nanoparticles from wood combustion (Paper II). In that study, 
wood was heated under controlled conditions and the produced particles were collected 
simultaneously  to  the  laser  AMS  and  to  quartz  filters  that  were  later  analyzed  by  
chromatographic techniques. When measurements are performed with a new instrument 
such as the laser AMS, it is advisable to make parallel measurements with other, validated 
methods and compare the results. Parallel measurements with other instruments were also 
undertaken in the urban (paper IV) and rural (paper III and V) environments. 
 
6.4. Ambient aerosol measurements 
The ambient measurements (papers III  -  V)  were  performed  at  Kumpula  (urban)  and  at  
Hyytiälä (boreal forest). The exact measurement dates, as well as the instruments used in the 
measurements, are listed in Table 5. 
 
Table 5. Ambient aerosol measurements with the laser AMS and supportive 
instrumentation. 
Object of measurement Measurement 
period 
Particle 
size [nm] 
Paper Supportive 
instrumentation 
Boreal forest (Hyytiälä, Finland) 23.9 - 15.10.2009 10 to 50 III Aerodyne AMS, 
filter sampling + 
GC/LC-MS 
Urban air (Helsinki, Finland) 26.2 -15.4.2010 50 IV PSAP 
Boreal forest (Hyytiälä, Finland) 28.4 - 13.10.2010 10 V - 
Boreal forest (Hyytiälä, Finland) 14.3 - 16.5.2011 10 V APi-TOFMS, filter 
sampling + GC-
MS, LC-MS 
Urban air (Helsinki, Finland) 1.10 – 17.12.2012 50 IV - 
 
6.4.1. Urban air measurements 
In 2010, the laser AMS and a particle soot absorption photometer (PSAP), were used to 
measure carbon clusters in 50 nm urban aerosol particles. In 2012, the laser AMS was used 
for  quantitative  analysis  of  carbon  clusters  in  50  nm  ambient  aerosols.  The  work  in  2012  
included a search for suitable standard material for the laser AMS measurements. The 
applicability of materials such as graphite particles (200 µm and 50 nm), colloidal solution 
of 200 µm graphite particles and SDS, and fullerene C60 were tested. A more detailed 
description of the measurements can be found in paper IV. 
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6.4.2. Boreal forest measurements 
The measurements in boreal forest (papers III and V)  were  carried  out  at  the  SMEAR  II  
station (39) at Hyytiälä, Finland, between 2009 and 2011. The laser AMS was the primary 
instrument in these studies, but several reference instruments were used simultaneously in 
measurements of particle composition. These were an Aerodyne AMS, an atmospheric 
pressure interface-time-of-flight mass spectrometer (APi-TOFMS), and filter collection with 
off-line GC-MS and LC-MS analysis. The main focus of the measurements was the 
determination of organic content in 10 nm particles. Details of these studies can be found in 
the original papers III and V. 
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7. Results and discussion 
This section summarizes the results of the laboratory (papers I and II), urban air (paper IV), 
and boreal forest measurements (papers III and V). 
 
 
7.1. Laboratory measurements 
Operation of the laser AMS was first tested with calibration standards in the laboratory. 
Performance was good: collection efficiency for 10 nm particles was about 90%, the 
calibration curve (first version TOF-MS) was r2= 0.99, and sensitivity of the instrument was 
where it was supposed to be, at picogram level. The first version of the laser AMS was also 
applied to the analysis of 22 nm ambient aerosol particles. Although the instrument was able 
to measure several different signals from ambient samples, no real identification of the 
different peaks could be done. A more detailed description of the instrumentation, 
calibration, and initial ambient measurements can be found in paper I. 
Drawbacks of the first version of the instrument were poor resolution, complicated 
data acquisition/handling, impractical operation of the instrument, and messy spectra. All 
these  drawbacks  limited  the  usability  of  the  instrument  in  ambient  measurements.  The  
second version of the laser AMS was more sophisticated. With a new TOF mass analyzer 
the results were more reliable and easier to interpret, and the system was more suitable for 
advanced studies of aerosol particles. The initial task was to test it (the second version) in 
the laboratory in parallel with off-line filter collection followed by chromatographic 
analysis. Particles from wood pyrolysis with particle sizes from 30 to 100 nm were 
measured, with the main objective the determination of PAHs and n-alkanes. This was 
successfully achieved by both the laser AMS and off-line filter collection with gas 
chromatographic analysis. The performance of GCxGC-TOFMS and GC-TOFMS in the 
analysis  of  a  filter  sample  is  visualized  in  Figure  4.  Further  details  and  results  of  the  
measurements can be found in paper II. GCxGC-TOFMS and GC-TOFMS have their own 
special  advantages  and  they  both  gave  good  results,  which  made  them  good  canditates  as  
parallel techniques for further aerosol studies. 
The favorable laboratory results with the laser AMS encouraged us to improve the 
instrument still more and to apply it in field studies, in parallel with filter measurements, to 
study the chemical composition of ambient 10 to 50 nm urban and rural air aerosol particles. 
Field studies such as these had been the ultimate goal of the instrument development. 
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Figure 4. Comparison of GCxGC-TOFMS (top) and GC-TOFMS (below) extracted ion 
(m/z 57) chromatograms in wood combustion studies (paper II). The studied sample was 
collected for 15 minutes and particle size was 100 nm. 
 
7.2. Urban air measurements 
7.2.1. Carbon cluster standards 
One serious problem in the quantitative analysis of soot is the lack of suitable standards 
(136). Carbon (soot) as an element is extremely difficult to dissolve on anything and this 
severely limited our choices for carbon standard material. Fullerene C60, a colloidal solution 
of carbon (graphite), and a homogeneous mixture of carbon (graphite) were tested as 
possible standard materials. Fullerene is a notable exception among carbon materials: 
because it can be dissolved in toluene, it allows easy preparation of a standard sample. It can 
also be ionized with the IR-laser. As a form of pure carbon, it was expected that fullerene 
would produce similar carbon clusters to the ones detected in the atmospheric 
measurements. However, the same carbon clusters were not found in the atmospheric 
samples. Fullerene produced a nice shape M+ ion, but other carbon cluster peaks occurred 
randomly. A spectrum recorded from the fullerene standard is shown in Figure 5. Fullerene 
could have been used to quantify fullerene in the samples, had that been the object of the 
study. It could not, however, be used for quantification of the target carbon clusters. 
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Figure 5. Spectrum of C60 fullerene standard (above) and spectrum of ambient 50 nm 
particles showing fullerenes detected (below) (paper IV). 
 
The colloidal solutions proved to be unsuccessful as well, since the colloid 
formation was incomplete and only an unknown amount of 50 nm graphite particles 
appeared in colloid form. Also, the mass spectra were complicated because of overlapping 
peaks. Although the replacement of SDS with another colloidal agent might have given 
better results, the concentration of the agent in all likelihood would again have to be so high 
that reliable results would not be achieved. 
A final approach was to prepare a suitable homogeneous suspension of graphite and 
toluene. The standard of 200 µm graphite powder was mixed with toluene in a sonication 
bath to obtain a suspension of the graphite. This was then analyzed by laser AMS, and the 
resulting spectra showed the same carbon clusters as spectra of the air samples. Notice that 
in laser AMS the carbon clusters were ionized with the desorption laser instead of the 
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ionization  laser.  Unfortunately,  after  several  trials  of  this  suspension  the  approach  was  
abandoned because the intensities of the carbon cluster peaks were still far weaker than the 
intensities  of  peaks  of  the  atmospheric  samples,  even  though  the  amount  of  carbon  in  the  
standards was more than the total particle mass in the atmospheric samples. The 
inconsistency between the peak intensities and carbon concentrations could be due to the 
difference in size of the particles: 200 µm for the graphite powder and 50 nm for the 
analyzed air samples. The area-to-mass ratio of the 200 µm particles is several times smaller 
than that of the 50 nm particles, and in our laser desorption/ionization system the quantum 
yield in ionization decreases rapidly with increasing particle size. Furthermore, at the same 
mass loading the number concentration of 50 nm particles was many times that of the 200 
µm particles. 
As a logical next step, in the hope of avoiding the problems associated with the 200 
µm  graphite  powder,  test  was  made  of  graphite  particles  of  the  same  size  as  the  particles  
collected in the ambient measurements (50 nm). At first the results were promising: the 
target carbon clusters appeared in the mass spectra with higher peak intensities than those 
obtained with 200 µm graphite powder. Intensities were still considerably below those of the 
air samples, however. Fortunately, it had been noticed during the preparation of standard 
samples that, for the same amount of graphite the carbon cluster signals were increased with 
the sonication time. This finding suggested that the 50 nm graphite particles had coagulated 
to bigger particles but were separated back to individual 50 nm particles during the 
sonication. In light of this, sonication time and power were increased. Finally, after several 
tests, the optimum sonication time for a homogeneous suspension of 50 nm graphite 
particles in toluene was found to be 72 hours with sonication instrument output power of 
100 watts. Analysis of the standard 50 nm graphite samples now provided peak intensities in 
the same range as those obtained for the ambient air samples. Figure 6 presents the mass 
spectra of standard samples with detected carbon clusters in the range C14 to C19.The sample 
amounts were 3.7 pg, 370 pg, and 4000 pg. The six most intense carbon cluster (C14 to C19) 
peaks in the spectra were recorded and added together, and a six-point calibration was used 
in quantification of the carbon clusters in samples collected in 2012. 
The total range of carbon clusters produced by the 50 nm graphite standard was 
also investigated. The complete mass spectrum was measured for a 1 µl sample of 2000 µg/l 
50 nm graphite standard suspension with a mass window varied to cover the mass range 
from m/z 1 to 1200. In similar experiments on carbon clusters, another research group 
recently measured a wide variety of carbon clusters starting from C3 (137). The laser AMS 
proved capable of measuring carbon clusters from C1 up  to  at  least  C26 (Figure 7) in the 
standard 50 nm graphite samples. 
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Figure 6. Standard 50 nm graphite samples analyzed by laser AMS (paper IV). 
Concentrations are a) 3.7 pg, b) 370 pg, and c) 4000 pg. Note the different scales of the y-
axis. 
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Figure 7. Full laser AMS spectrum of 2000 pg of 50 nm standard graphite sample (paper 
IV). Carbon clusters from C1 to C26 were detected, though carbon clusters C4 to C9 were 
barely visible. 
 
7.2.2. Quantification of carbon clusters in 50 nm urban air samples 
The first ambient air study at the boreal forest site indicated the suitability of the laser AMS 
for carbon cluster measurements (paper III) (132). In a subsequent study, in winter 2012 
(paper IV), the carbon cluster concentrations in urban atmosphere were quantified (20 
samples).  Carbon  clusters  from  C14 to  C19, as in the standard samples, were used in the 
quantification. Detailed information about the sampling periods and the percentages of 
carbon clusters obtained is presented in Table 6. The measurements were targeted for a time 
when particle concentrations expected to be highest, but the results showed the amount of 
carbon clusters in the samples to range from 0.01 up to 30 percent independently of the time 
of day (see Table 6). Figure 8 shows a typical mass spectrum of the carbon clusters in 50 nm 
urban air particles collected in Helsinki and analyzed by laser AMS. No differences were 
found in spectra of samples collected at rush hour and overnight. Source characterization 
was noted for certain species in earlier studies at the same site, but these studies were carried 
out on larger particle sizes and by different methods (138, 139). Precipitation (snow or 
water) had little impact on the carbon cluster concentrations during the laser AMS 
measurements. Measurements made in 2010 included statistical analysis of the effect of 
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wind  direction  on  particle  composition.  Although  the  data  were  not  sufficient  to  show  
statistical differences in the particle composition between clean and polluted wind 
directions, it could be concluded that the mixing of the particles in the air was at least 
moderate, and all particles were of the same or similar origin. A statistical indication of the 
mixing of nearby pollutants was obtained by comparing particle concentrations measured by 
DMPS (50 nm channel only) at the SMEAR III station with those measured at our 
measurement site roughly 200 meters away. Comparison of data sets over the same 
averaging period showed a good correlation between the concentrations (r2 = 0.81). 
One additional feature of the measurements in 2012 was that fullerenes, from about 
C50 up  to  C100, were found in some samples. The strongest signal was provided by C60 
(Figure 5). The fullerene fragments appeared nicely every 24 amu, which corresponds to 
fullerene fragmentation according to C2n (140). It was not our aim to study the fullerenes in 
the present research, but this could be an interesting future task. 
 
Table 6. Sampling periods for ambient samples collected in 2012 and measured by laser 
AMS, with total mass and percentage of carbon clusters in samples (paper IV). 
Sample Coll. start 
time 
Coll. stop 
time 
Day of 
week 
Total 
collection 
time [min] 
Mass of 
carbon 
clusters [pg] 
Percentage 
of carbon 
clusters 
1 25.10 16:00 26.10 10:00 Thu - Fri 1080 1116 0.19 
2 30.10 07:20 30.10 09:20 Tuesday 120 2093 9.69 
3 30.10 10:08 30.10 14:08 Tuesday 240 - - 
4 30.10 15:00 31.10 12:45 Tue - Wed 1305 6805 1.74 
5 26.11 12:00 27.11 12:00 Mon - Tue 1440 2551 2.53 
6 27.11 12:00 28.11 12:00 Tue - Wed 1440 4763 2.54 
7 28.11 12:00 29.11 12:00 Wed - Thu 1440 2388 2.76 
8 29.11 12:00 30.11 12:00 Thu - Fri 1440 7471 7.41 
9 30.11 12:00 1.12 12:00 Fri - Sat 1440 4526 3.81 
10 1.12 12:00 2.12 12:00 Sat - Sun 1440 3920 1.43 
11 2.12 12:00 3.12 12:00 Sun - Mon 1440 19 0.01 
12 3.12 12:00 4.12 12:00 Mon - Tue 1440 1427 0.76 
13 4.12 12:40 4.12 13:40 Tue 60 2181 13.47 
14 5.12 11:30 5.12 12:05 Wed 35 - - 
15 10.12 11:00 10.12 12:00 Mon 60 - - 
16 10.12 12:15 10.12 14:15 Mon 120 2374 7.06 
17 11.12 11:00 11.12 15:00 Tue 240 3439 8.43 
18 17.12 07:15 17.12 08:15 Mon 60 6465 30.78 
19 17.12 08:30 17.12 09:30 Mon 60 717 14.93 
20 17.12 09:45 17.12 10:45 Mon 60 1294 14.37 
 
 36  
 
Figure 8. Ambient laser AMS spectrum of 50 nm urban air particles (Sample 9). Carbon 
clusters from C14 to C19 were quantified (paper IV). 
 
7.2.3. Comparison of laser AMS and PSAP 
A comparison of laser AMS and PSAP was made for 50 nm particles in urban air samples 
collected in 2010. The PSAP filter transmission (measured at 530 nm) decreased during the 
PSAP sampling, indicating that particles were deposited onto the filter. The laser AMS 
detected carbon clusters in every sample. In the ideal situation laser AMS carbon clusters 
and PSAP BC should correlate, but here there was no correlation (r² = 0.02). Instead, the 
PSAP BC correlated fairly well with the total collected particle mass (r2 =0.76). Evidently 
apparent absorption caused by increase in the optical depth of the filter, due to particle 
deposition, decreased transmission in the filter.    
 
7.3. Boreal forest measurements 
The measurements at the boreal forest site were performed at the SMEAR II station in 
Hyytiälä in years 2009-2011. The objective of the measurements was to determine the 
organic composition of 10 to 50 nm particles during nucleation events, with the main focus 
on the 10 nm particles. Results of the measurements in 2009 are reported in paper III and 
those for 2010-2011 in paper V. 
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7.3.1. Measurements in 2009: characterization of organics 
7.3.1.1. Laser AMS 
Detected masses and possible candidates for the ions measured by laser AMS are set out in 
Table 7. In most cases, the ion masses appeared to result from the following compounds: 
aliphatic hydrocarbons, oxygenated hydrocarbons, aromatic hydrocarbons, oxygenated 
aromatics, amines, and carbon clusters. The identification of compound groups was based on 
the measured mass of each ion and on the calculations of elemental composition. The 
presence of different compounds, such as amines, in the filter samples supported the 
identifications. Two main findings from the laser AMS samples were carbon clusters (Figure 
9) and the presence of ions m/z 143 and 185 (Figure 10). The carbon clusters did not 
correlate with anything else; they were observed in particle sizes from 10 to 50 nm during 
new particle formation events and also when there was no new particle formation. The 
carbon clusters probably originated from local combustion sources. 
 
Figure 9. Carbon clusters detected with laser AMS in samples from boreal forest in 
autumn 2009 (paper III). 
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Table 7. Ions detected by laser AMS in boreal forest environment during autumn 2009 
(paper III). 
Measured  
masses 
Theoretical mass (amu) 
of possible ion 
Possible ion 
29.0 29.039 C2H5+ 
43.1 43.055 C3H7+ or 
43.1 43.023 C2H3O+ 
44.0 43.990 CO2+ 
55.1 55.055 C4H7+ 
57.1 57.070 C4H9+ 
65.1 65.039 C5H5+ 
69.0 69.034 C3H5CO+ 
70.1 70.078 C5H10+ 
71.1 71.086 C5H11+ 
73.0 73.029 CO2C2H5+ or CH2CO2CH3+ 
77.0 77.039 Aromatic ring 
83.1 83.050 C4H7CO+ 
85.1 85.102 C6H13+ 
91.0 91.055 Aromatic ring + CH2+ 
105.0 105.034 Aromatic ring + CO+ 
107.1 107.050 Aromatic ring + COH2+ 
108.1 108.060 Aromatic ring + COH3+ 
109.2  - -  
112.9  - -  
126.1  - - 
135.0 135.110 C9H13N+ 
139.9  -  - 
142.1 142.140 C9H18O+ 
143.1 143.170 C9H21N+ 
155.0 155.140 C9H17NO+ 
163.1 163.279 C12H19+ 
165.0 165.090 C9H11NO2+ 
167.1 167.311 C12H23+ 
168.0 168.000 C14+ 
173.0  -  - 
180.0 180.000 C15+ 
185.1 185.220 C12H27N+ 
192.0 192.000 C16+ 
197.3 197.190 C12H23NO+ 
204.0 204.000 C17+ 
213.1 213.092 C14H13O2+ 
216.0 216.000 C18+ 
224.1  -  - 
228.0 228.000 C19+ 
236.0  -  - 
240.0 240.000 C20+ 
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Table 7. (continued) 
Measured  
masses 
Theoretical mass (amu) 
of possible ion 
Possible ion 
245.1 245.250 C14H31NO2+ 
252.0 252.000 C21+ 
264.0 264.000 C22+ 
264.9 265.220 C16H27NO2+ 
276.0 276.000 C23+ 
281.0 281.280 C18H35NO+ 
288.0 288.000 C24+ 
300.0 300.000 C25+ 
312.0 312.000 C26+ 
324.0 324.000 C27+ 
336.0 336.000 C28+ 
348.0 348.000 C29+ 
360.0 360.000 C30+ 
372.0 372.000 C31+ 
 
 
Figure 10. Laser AMS spectrum of nitrogen-containing ions recorded in boreal forest 
measurements in 2009 (paper III). 
The two most abundant nitrogen-containing ions were m/z 143 and 185. Initially 
they were assigned to alkyl-substituted amines,  but in subsequent measurements they were 
identified and confirmed to be quinolines. Amines had earlier been found in boreal forest 
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environments (141). Several other nitrogen-containing compounds were recorded during the 
measurements, but their concentrations were several times lower than those of ions m/z 143 
and 185. Here, these ions were found in nearly all samples, but concentrations were 
relatively highest in particle sizes 10 to 25 nm and in samples collected when one or more 
new particle formation events was taking place. These findings encouraged us to continue 
measurements at the boreal forest site in the forthcoming years (See sections 7.3.2 and 
7.3.3). 
 
7.3.1.2. Comparison of laser AMS with other techniques 
Correlation analysis was performed on the results obtained with laser AMS, filter samples, 
and Aerodyne AMS to identify correlations that might assist characterization of the 
chemical composition of ultrafine particles. The compounds in filter samples earlier (paper 
III) used as marker compounds for boreal forest biogenic aerosol particles were employed in 
the comparison with laser AMS ions. The Aerodyne AMS data used in comparisons 
pertained only to organics; inorganic data was not taken into consideration. Ions between 
m/z 25 and 115 measured with the Aerodyne AMS were used in the correlation analysis 
with the laser AMS data. The results obtained with the Aerodyne AMS were expected to 
correlate in some way with those obtained with the laser AMS and so support the laser AMS 
measurements. 
As expected, the laser AMS results correlated best with the results for 50 nm filter 
samples as shown in Sammon mapping correlation analysis (Figure 11). No reasonable 
correlations were found between the laser AMS and Aerodyne AMS results, while some 
reasonable correlations were found between the laser AMS and all-sized filter results. The 
carbon clusters detected in laser AMS correlated with levoglucosan (all-sized filter samples) 
at average r = 0.7. Like carbon clusters, levoglucosan is often detected during wood 
combustion. Detailed correlation analysis revealed highest correlations of pinonaldehyde, 
benzoic acid, malic acid, and nonanal (50 nm filters) with the laser AMS amines in the range 
(r) of 0.8 – 0.9, but amines found in the 50 nm filter samples did not correlate directly with 
amines found by laser AMS. Only one possible direct correlation was found between the 
two data sets, and that was between nonanal and ion 142 at r = 0.8 (142 amu is the molar 
mass of nonanal). The scarceness of direct correlations between the results obtained with the 
different instruments could be due to a) the different ionization methods that were used 
(photoionization in laser AMS vs. EI in GC-MS and Aerodyne AMS), b) the differences in 
the measured particle sizes and in analytical methods, c) the derivatization needed for filter 
samples in GC-MS, d) the mass window issue in laser AMS, and e) the limited number of 
samples. Correlation of the laser AMS ions with on-line measured gases (NO, NOx, O3, SO2, 
CO2, CO, H2O), black carbon (measured with an aethalometer), and UV radiation intensity 
was also attempted, but with no convincing results. 
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Figure 11. Sammon mapping of laser AMS ions and compounds identified in samples 
collected on filters (50 nm), separated into two internally correlating groups, 1 and 2 
(paper III). 
 
The overall finding of this study was that laser AMS could successfully detect 
organics in sub-50 nm ambient particles in a boreal forest environment. The main 
components in the sub-50 nm particles included carbon clusters, various hydrocarbon 
fragments, and some amino compounds. The finding of amino compounds gave us boost for 
future measurements. Correlation analysis of the results obtained by all instruments revealed 
the difficulty of finding correlations between results for particles in sub-50 nm size range 
and results for particles several times larger. Further measurements were accordingly carried 
out with parallel instrumentation under similar conditions. 
 
7.3.2. Measurements in 2010: new particle formation and detection of nitrogen-containing 
compounds 
The measurements and findings in 2010 (as well as 2011) were similar to those in 2009. An 
interesting feature of these new measurements was the study of new particle formation, 
which in the laser AMS measurements involved analyzing only 10 nm particles. New 
particle formation occurs under certain conditions and, unfortunately, conditions in 2010 
were not so favorable. When measurements were started, only a few weak new particle 
formation events were recorded during the first month of measurements (Figure 12), and 
similar non-event conditions, with a high number of background particles present, continued 
throughout the measurements. 
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Figure 12. Temperature profile and particle concentrations at the SMEAR II station from 
April until October 2010. Numbered black and white line segments represent laser AMS 
samples in 10 nm size and the length of the segment indicates the sampling time (paper 
V). 
 
Despite  the  rareness  of  new  particle  formation  events,  some  of  the  same  ions,  or  
same types of ions as in 2009 were detected at Hyytiälä in 2010 (132). Although no 
correlation analysis was made for the whole data set, and the laser AMS was the only 
instrument utilized in the measurements, some interesting episodes were identified. The 
number of nucleation events occurring during the sampling period seemed to influence the 
concentrations of different ions in laser AMS measurements in only a minor way. Two main 
groups of ions were detected in the samples from 2010 (Figure 13). All the ions (or their 
contributor)  might  thus  originate  from  a  common  source,  such  as  soil.  Nevertheless,  the  
group 1 ions were far more abundant in summer, so even if their common origin was soil, 
their formation routes and direct sources could be different from those of group 2 ions. 
Photochemistry  and  plant  emissions  were  found  to  affect  the  chemistry  of  small  particles  
during the nucleation. Moreover, group 1 ions were not found at all in the laser AMS 
samples collected at Hyytiälä in autumn 2009 (132). According to an NIST spectral search 
for masses and ion intensities/fragmentation, the group 1 ions originated from nitrogen-
containing oxygenated aromatic compounds with quinolin-like structure. The group 2 ions 
(same ions as in 2009 measurements, Figure 10) were present in spectra recorded in the 
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middle of June, and no clear correlation was found between their appearance and the 
appearance of other ions. 
 
Figure 13. The two main groups of ions detected with the laser AMS in 2010 and their 
correlations. 
 
7.3.3. Measurements in 2011: new particle formation during snow melt and identification 
of quinolines 
Conditions at the measurement site in spring 2011 were totally unlike those in 2010. The 
winds were favorable for the observation of new particle formation; no significant amounts 
of background particles were present at the time (Figure 14). Also, the temperature rose 
rapidly in spring and the snow melted completely in just two weeks. With the melting of the 
snow, ions m/z 143 and 185 reappeared in the laser AMS spectra. The compounds 
responsible  for  these  ions  may  have  originated  from  the  newly  bared  soil  or  from  the  
disappearing snow itself since they appeared just as the soil was freed of snow. Chemical 
reactions can take place in the snow/ice cover even in winter (142), and the increase in soil 
activity in spring could lead to release of reaction products (143). Furthermore, soil 
constituents are known to be a source of nitrogen-containing compounds in the atmosphere 
(144).  
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Figure 14. Particle concentrations and temperature profile recorded at the SMEAR II 
station between March and May, 2011. Numbered black and white line segments 
represent the laser AMS samples and the length of the segment indicates the sampling 
time (paper V). 
 
 
The  changes  in  chemical  composition  of  molecular  clusters  and  aerosols  at  snow  
melt were also registered by APi-TOFMS and in analyses of filter samples (145). In the 
studies of filter samples, a total of 57 compounds were quantified in the all-size and 30 nm 
particles (146, 147). The APi-TOFMS data were reformatted and data from the filter 
samples were re-analyzed for explanation of the laser AMS results. Correlation analysis of 
the filter samples and laser AMS results showed the concentrations of 35% of the detected 
compounds or ions clearly to increase or decrease at snow melt in spring 2011. The most 
interesting changes, besides the appearance of ions m/z 143 and 185 of laser AMS, were the 
increase in the concentrations of nitrogen-containing compounds and levoglucosan in all-
size particles and the decrease in concentrations of aldehydes. One reasonable explanation 
for the lower concentration of aldehydes could be the increase in UV radiation during 
spring, leading to enhanced oxidation, but this alone cannot explain all the changes in the 
aerosol chemistry. The presence of levoglucosan might have been related to forest fires in 
Eastern Europe (148). The APi-TOFMS results showed quinoline (gas phase) ions m/z 130 
and 144 to behave in opposite way to laser AMS quinoline ions m/z 143 and 185. This 
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relationship  between  gas  phase  and  particle  phase  (10  nm)  indicates  that  when  the  snow  
melted the gas-phase quinoline moved to particle phase via oxidation or some other reaction 
or process and was then detected in 10 nm particles by laser AMS. 
 
7.3.3.1. Structural identification of ions m/z 143 and 185 
It quickly became clear that identification of laser AMS ions m/z 143 and 185 would require 
a thorough investigation. The work commenced with a search of spectral libraries and re-
analysis of the 30 nm filter samples (collected simultaneously and in parallel) for quinolines. 
The library search gave best matches for tributylamine and N-acetyl-1-aminonaphthalene, 
which were then tested separately as standards in laser AMS. The target ions, m/z 143 and 
185, were found only for N-acetyl-1-aminonaphthalene. Search was then made for N-acetyl-
1-aminonaphthalene in the 30 nm filter samples, which were re-analyzed by high 
performance liquid chromatography–ion trap-MS (HPLC–IT-MS). No N-acetyl-1-
aminonaphthalene was found in any of the 30 nm filter samples, and it was concluded that 
this was not the source of the ions. However, during the re-analysis of the 30 nm filter 
samples, one intense unknown peak was found in the chromatogram at about nine minutes 
(Figure 15A), with fragment peaks appearing at m/z 144 and 186 in MSn analysis. The 
strong correlation (r2 = 0.9) between the peak at m/z 186 and the peak at m/z 185 in the laser 
AMS spectra strongly suggested that the peak at m/z 186 is the protonated molecular ion 
MH+ of the ion at m/z 185 in laser AMS. Further confirmation of the peak match was sought 
by MS/MS and MS3 (Figure 15B and 15C) with the same HPLC-MS instrument and, in the 
end, the molecular formula C12H11NO was assigned to the ion of molar mass 185.0741 amu. 
The theoretical monoisotopic mass of C12H11NO is 185.0835 amu, which represents good 
confirmation of the molecular formula. 
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Figure 15. Identification of unknown nitrogen-containing compound found in 30 nm filter 
sample  at  snow  melt.  (A)  shows  the  chromatogram  of  the  unknown  peak,   (B)  is  the  
MS/MS spectrum of  the  peak,  and  (C)  shows the  fragmentation  pattern  of  ion  m/z  158  
(MS3) of the peak (paper V). 
 
The ion at m/z 144 (Figures 15B and 16) was the main fragment in the spectrum, 
while m/z 143 was the main peak in the laser AMS spectrum. Note that the IT-MS ions are 
protonated and so ion m/z 144 in IT-MS is concluded to be the protonated form of m/z 143. 
Ion m/z 144 was further studied by MS/MS, but it produced no detectable fragments. Next 
the ion at m/z 158 was studied by MS/MS, and it produced one stable fragment at m/z 130, 
which was assigned to quinoline. 
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Figure 16. Fragmentation pattern of 1-(7-methylquinolin-3-yl) ethanone (paper V). 
 
On the basis of all the gathered information, the compound was concluded to be X-
ethylquinoline-X-carbaldehyde, X,X-dimethylquinoline-X-carbaldehyde, 1-(quinolin-X-
yl)propan-1-one, or 1-(X-methylquinolin-X-yl)ethanone, where X represents any possible 
position of the substituent. Of the four candidates, only 1-(X-methylquinolin-X-yl)ethanone 
has a fragmentation route matching that of our molecule (Figure 15). The other choices were 
therefore discarded. With the techniques employed, it was impossible to determine the exact 
structure of the molecule. 
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8. Conclusions 
The intended purpose of constructing the laser AMS was to make an instrument suitable for 
measuring the chemical composition of ambient ultrafine aerosol particles (papers I and II). 
The laser AMS demonstrated its potential in 2009 in first boreal forest measurements (paper 
III) for the detection of nitrogen-containing compounds and carbon clusters in 10 – 50 nm 
particles. The measurements were continued during the following years with quantitative 
carbon cluster analysis of 50 nm particles in urban air (paper IV). Further measurements in 
boreal forest were made on 10 nm particles to clarify the atmospheric conditions during 
nucleation events on 10 nm particles. The measurements in boreal forest revealed an 
interesting link between the occurrence of quinoline in gas and particle phases during snow 
melt in spring 2011 (paper V). With the help of simultaneously collected filter samples the 
most abundant nitrogen compounds were identified as quinolines. 
A major shortcoming of the laser AMS is the low sensitivity. In rural areas, the 
time required to collect a representative sample is highly dependent on the particle 
concentration in the atmosphere at the time and on the sampled particle size. These factors 
together determine the mass collection rate, i.e., how much mass needs to be collected for 
the instrument during one unit  of time. In general,  laser AMS requires a total  sample of at  
least 1 ng of to be collected for one analysis in order to produce a representative spectrum. 
This 1 ng sample contains many different types of compounds of varying unknown 
concentrations. In the best cases, the amount needed to detect an individual compound may 
be as low as a few picograms. The sensitivity of the laser AMS for selected compounds is 
thus at least moderate. Technical improvements in the system are needed to avoid the long 
collection times. The most critical parts, which are affecting most of the system, are: particle 
collection, ion transfer, and desorption/ionization events. The particle collection can be 
made more efficient by applying several unipolar chargers and DMA’s in parallel for the 
particle inlet to increase the number of particles entering the system. Also by broadening the 
transfer function of the DMA would also increase the particle concentrations, but then the 
uniformity of a particular particle size would be lost. For example, if the measurements 
reported in paper V had been made with a five-charger/DMA set-up instead of one, the time 
resolution could have been decreased from one week collection to one day. This means that 
one nucleation event could then have been analyzed at a time, and a clearer picture would 
have been obtained of the chemistry of 10 nm nucleation mode particles. 
Even though obtaining detectable signals from ambient 10 nm particles with the 
current set-up requires a collection time of one week (in boreal forest environment), most of 
this one-week time will include collection of nearly particle-free sample. This is because, at 
night and during days when new particle formation does not occur, concentrations of 
particles in 10 nm size range are always very low; the number of 10 nm particles can usually 
be counted by fingers. For instance, if there are three strong new particle formation events in 
a one-week collection period, each lasting about six hours (i.e., in 10 nm range), the total 
time for collection of signal-producing particles is only 18 hours, even though the total 
sampling time is 168 hours. In fact then, only about 10% of the collection time is utilized for 
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the actual particle collection. The instrument was also validated by analyzing gas-phase 
blank samples. Detailed explanations of the blank measurements were presented in paper V. 
Another shortcoming of the laser AMS is the difficulty in identifying single 
compounds, or chemical groups, in the mixed mass spectra of ambient aerosol particles. At 
best this is a difficult or even impossible task for any aerosol mass spectrometer. As reported 
in papers III  – V, some identification of compounds was possible through analysis of 
simultaneously collected filter samples. Thus, for the first time, quinolines were identified in 
ultrafine 10 nm ambient aerosol particles. In the work for papers III and IV, the 
identification of carbon clusters and fullerenes was based only on their presence in the 
spectra and easily distinguishable masses. The quantification of carbon clusters in 50 nm 
urban air particles by aerosol mass spectrometry is highly challenging, but succeeded in this 
study very well. The detection of fullerenes in 50 nm urban air particles is another 
interesting feature in the list of applications of the laser AMS. The compound identifications 
(quinolines) reported in paper V were based on the determination of exact masses (high 
resolution TOF-MS) of the studied compounds and MSn (IT-MS)  studies  of  the  
fragmentation routes of corresponding filter samples (30 nm). Two things that would 
definitely improve the applicability and value of laser AMS even more would be the 
replacement of the current TOF analyzer with a high resolution one and applying a 
quadrupole MS with appropriate gas collision cell for the system before the TOF. The 
quadruple MS could be used as a filter for the produced ions, allowing MS/MS studies of 
interesting ions. The uncertainties related to simultaneous filter measurements could in this 
way be removed. 
Laser AMS, unfortunately, requires manpower for collecting and analyzing 
samples. The operations required for the introduction of a new sample to the instrument all 
must be done manually, which means that a physical person must be present whenever the 
instrument is set up for collecting or analyzing a new sample. The present instrument needs 
to  be  developed  into  an  automated  system.  The  hardest  part  to  automate  will  be  the  
mechanical cleaning of the sampling spot. Possibly this could be achieved through 
optimization  of  the  sampling  spot  size  and  desorption  laser  operation  and  automated  
polishing of the sampling spot surface followed by solvent washes. The ideal system would 
require minimal maintenance and could be operated remotely through the internet. The most 
important criterion for the automated cleaning is, of course, the cleanliness of the whole 
system. “It’s all about the blanks”. 
Measurements  with  the  laser  AMS  will  be  continued  at  the  boreal  forest  site  to  
elucidate the role of amines during new particle formation events. A new application for 
aerosol mass spectrometers in future might be samples of biological origin. Recently, the 
applicability of the laser AMS for laboratory measurements of selected viruses has been of 
interest. 
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